Abstract. Along three rivers at the Mendocino triple junction, northern California, strath, cut, and fill terraces have formed in response to tectonic and eustatic processes. Detailed surveying and radiometric dating at multiple sites indicate that lower reaches of the rivers are dominated by the effects of oscillating sea level, primarily aggradation and formation of fill terraces during sea level high stands, alternating with deep incision during low stands. A eustasy-driven depositional wedge extends tens of kilometers upstream on all rivers (tapering to zero thickness). This distance is greater than expected from studies of the effects of check dams on much smaller streams elsewhere, due in part to the large size of these rivers. However, the change in gradient is nearly identical to other base level rise studies: the depositional gradient is about half that of the original channel. Middle to upper reaches of each fiver are dominated by the effects of longterm uplift, primarily lateral and vertical erosion and formation of steep, unpaired strath terraces exposed only upstream of the depositional wedge. Vertical incision at a rate similar to that of uplift has occurred even during the present sea level high stand along rivers with highest uplift rates. Strath terraces have steeper gradients than the modem channel bed and do not merge with marine terraces at the river mouth; consequently, they cannot be used to determine altitudes of sea level high stands. Strath formation is a continuous process of response to long-term uplift, and its occurrence varies spatially along a river depending on stream power, and hence position, upstream. Strath terraces are found only along certain parts of a coastal stream: upstream of the aggradational effects of oscillating sea level, and far enough downstream that stream power is in excess of that needed to transport the prevailing sediment load. For a given size fiver, the greater the uplift rate, the greater the rate of vertical incision and, consequently, the less the likelihood of strath terrace formation and preservation.
incision of the bedrock floor of the channel in response to local base level change is concurrent with upstream propagation of a knickpoint that retreats in parallel fashion, leaving in its wake an abandoned channel floor mantled by a thin veneer of sediments [Seidl and Dietrich, 1992] . As in the case of the alluvial channel, this surface is also a terrace but is referred to specifically as a strath terrace (Figure lb) [Bucher, 1932; Leopold et al., 1964] . For both alluvial and bedrock channels, if episodic vertical incision occurs, paired terraces are formed; if lateral erosion as well as continuous vertical incision occurs, unpaired terraces result (Figures 1 a and lb) .
The utility of fluvial terraces to tectonic studies is obvious.
Their occurrence is ubiquitous worldwide [Fairbridge, 1968] , and if they are tilted, faulted, or folded, they can be used to deduce history and rates of tectonic deformation [e.g., Keller and Rockwell, 1984 Mackin viewed the long profile of a graded river as an indication of a system in steady state equilibrium, a system adjusted to the prevailing sediment load. Le Chatelier, a chemist, had earlier described the reaction of a closed system in equilibrium to a change [cf. Prigogine and Defay, 1954 In an active orogenic belt, one might suppose that no streams should be in equilibrium, as all are actively degrading. Merritts , however, working in coastal northern California, showed that a stream incising bedrock in response to an effective base level fall can maintain a steady longitudinal shape by uniform incision along its length, with one condition. According to this model, the size and power of a stream are of great importance in determining the ability of the stream to incise vertically. For a given rate of uplift, smaller streams will be steeper than larger streams in order to maintain the power necessary to incise vertically at a rate equal to that of the uplift rate. Thus, the stream is able to incise uniformly only if it is able to transmit all of the base level fall from its mouth upstream along its length. If a reach is encountered in which stream flow has insufficient power to incise vertically at an amount equal to the base level fall, the bed altitude and consequently the gradient of that reach will increase relative to the next downstream reach. At any given point, the altitude of the bed will change at a rate equal to the rate of uplift minus the rate of incision.
This conceptual model can be used to consider the occurrence of fluvial terraces in the same region. Only the largest streams and rivers in coastal northern California have strath terraces along substantial parts of their lengths, and these are unpaired. The hypotheses drawn from these observations are that (1) for a given uplift rate, a stream must have sufficient drainage area, and hence power, to erode laterally as well as incise vertically, in order to leave a record of unpaired terraces; and (2) the vertical component of incision will be directly proportional to the uplift rate. These ideas are explored further in this paper. Bull, 1990 ]. The historic development of thought regarding sea level oscillations and the "eustatic approach" of using terraces correlated along the length of a fiver to estimate the heights of interglacial sea level high stands is relevant to this study [Lamothe, 1918; Ramsay, 1931; Zeuner, 1945; Sibinga, 1953] . A special case of near-horizontal fill terraces, called thalassostatic, refers to terraces formed along the lower, estuafine reaches of a coastal fiver in response to sea level high stands and drowning of the fiver mouth [Ramsay, 1931; Zeuner, 1945] . In practice, few such terraces have been identified with certainty, and interpretations of the relation between aggradation at the mouth and fluvial processes upstream during high stands have spanned the spectrum from extension of aggradation well upstream, to concurrent incision upstream [cf. Clayton, 1968 [Heusser, 1960] , but alternations were of a much lesser magnitude than those that produced the major climatic changes of glaciated and continental interior regions [Johnson, 1977] . Climatic variations between glacial and interglacial periods were stabilized by maritime influences on intensities of temperature and precipitation gradients, and paleontological evidence indicates that the northern California coastal zone acted as an "ice age refugium" for cold-sensitive species displaced elsewhere [Johnson, 1977] . During the most recent fullglacial climatic conditions at 18 ka, estimated sea surface summer (August) temperatures (13øC) were similar to modern sea surface summer temperatures (-13øC; <IøC difference); however, winter temperature gradients were intensified, and estimated full-glacial winter (February) sea surface temperatures (7øC) were 4øC cooler than the modern winter temperature of 11øC [CLIMAP Project Members, 1981] . Although the region was not glaciated and is known to have acted as an ice-age refugium, the decreased winter temperatures might have resulted in sufficient environmental change to have an impact on onshore sediment yields and consequently terrace formation. atmosphere, according to established methods (Table 1) . In some cases, calibration of carbon-14 ages with the dendrochronological record results in more than one likely possibility for the age range, and ages are presented as multiple ranges. In the text, ages are presented as the calibrated age range for +_one standard deviation, in years B.P., according to protocol (e.g., 2000-2575 cal years B.P.); for brevity, they are referred to by the centroid of this range on some figures. Radiometric age estimates mentioned in the text below include the sample number for identification in Table 1 .
Methods of Surveying

Results of Terrace Investigations General Observations
The longitudinal profile of the Mattole River obtained from 7.5 arc minute topographic maps (Figure 5a ) is segmented. The reach within longitudinal distances of zero and 60 km is composed of two linear segments that join at about 30 km. Upstream of 30 km, the river has a gradient of 0.0032 (meters per meter), but downstream of 30 km the gradient is 0.0014, a decrease in gradient of-55%. Only -8 km of the steeper segment is depicted A maximum height for the altitudinal position of the Mattole River channel bed during the -6.5 ka sea level high stand is reconstructed from four "anchor" points along the river's length (stars on Figure 7b ). At the downstream end, we anchor the profile at the terrace break in slope which is coincident with the horizontal projection of the inner edge altitude of the marine platform dated at 6163-6863 cal years B.P. (NC-1-87) , where it coincides with the break in slope in the alluvial fill terrace. The -6.5 ka marine terrace occurs 7-10 m above sea level today (due to 17 m of uplift since its formation at an altitude of about -10 m [Fairbanks, 1989] . We assume that deposits that are 6.5 ka in age exist below the younger overbank deposits. The final approximate paleoprofile constructed for 6.5 ka is shown in Figure 7b .
We use similar reasoning to reconstruct long profiles for the 9.9 and 12 ka profiles of the Mattole River (Figure 7b ). Several details of these correlations are as follows. The paleoprofile on the age-constrained >9.9 ka surface (from the date on a basal log) is obtained merely by following the well-exposed surface. Note that this surface has a nearly constant gradient (0.003) that is similar to that of all other straths and to that of bedrock reach C-D (Figure 5a ) of the Mattole River. Paleoprofiles for older straths are not as well-constrained. A higher strath at km 39 has a minimum radiometric age of 8410-8550 cal years B.P. (M6-1-91), based on charcoal from the base of the fine-grained deposits overlying the strath. This date indicates that the strath formed more than -8.5 kyr ago, and perhaps more than 11 or 12 kyr ago, if deposition of silts and sands postdates strath formation by as much as 3.5 kyr (the maximum age difference from dated sites on the Mattole and Bear Rivers). It also indicates that a channel existed below that altitude at -8.5 ka, with floodwaters rising to that level at that time (Figure 6 ). We assume an approximate age of >12 ka for the time of formation of this strath surface, by adding 3.5 kyr to -8.5 ka. The profile for this paleobedrock surface is then determined by noting that all continuous bedrock straths have about the same gradient (Figure 5b) , and using this observation as an assumption to determine the gradient of the -12 ka surface. For the 30 ka profile, we only have anchor points at the mouth, where a prominent, near-horizontal fill terrace is at the same altitude as the inferred 30 ka marine terrace [Merritts and Bull, 1989 ]. However, we assume that the channel bed upstream was higher than all younger straths, as the channel later incised to those levels. These straths provide a minimum height for the profile. Furthermore, if we assume an average long-term incision rate for the river (see discussion below) of 0.8-1.5 m/kyr, the 30 ka paleoprofile would be at least 24-45 m above the present channel upstream of km 32 (Figure 5b ). This paleoprofile is the least well-constrained, but still provides useful information for later analysis.
Why Straths Are Steeper Than the Modern Stream Bed
One of our major observations (Figure 5b) is that the Mattole River strath terraces are roughly parallel to each other but are steeper than the active stream bed by 0.0018 rn/m. In a downstream direction, the straths converge with and disappear into the channel bed. One explanation for this difference in gradient is that the terraces have been tilted by tectonic processes. This hypothesis can be evaluated by examining the hypothesized sequence of events required to cause such tilt. First, older straths are nearly parallel to the >9.9 ka strath surface downstream of 36 km. Therefore, no tectonic tilt occurred during the period of about 20-30 ka to 9.9 ka, but since 9.9 ka, significant tilt has occurred. As a consequence, ten thousand years is the maximum tilt duration. If we assume that the stream gradient at the time of In conclusion, tectonic tilt as the cause for strath terraces being so much steeper than the modem channel bed seems unlikely.
A more reasonable explanation for why straths are steeper is that repeated, rapid sea level rise during the Quaternary Period has caused a wedge of sediment backfilling (Figure 5a ) that has migrated upstream, with decreased gradient, and buffed the extension of the straths shown on Figure 5b . Study of the effect of base level rise on streams has centered largely on the effect of small check dams built across very small streams [e.g., Leopold and Bull, 1979; LeopoM, 1992 ]. The conclusion of these studies is that base level rise will cause a wedge of sediment deposition to migrate upstream a relatively short distance in a short time, after which it will remain stable. When deposition is complete, the gradient of deposition is about half the gradient of the original channel (LeopoM, 1992). The depositional wedge on the Mattole (Figure 5a ) extends upstream about 30 km (31% of the total stream length) and to an altitude of about 60 m above sea level (in effect the lip of the check dam) . These values of distance and height are large compared to those of smaller streams and might be the result of the much greater size of the Mattole River. The one parameter directly comparable to previous work on small streams is the change in gradient to about one half during aggradation. As mentioned, the gradient of the lower or depositional reach of the Mattole is 45% of the gradient of the channel upstream of the wedge.
History of Terrace Formation
From constraints regarding the position of the mouth of the Mattole River during sea level high stands [Merritts and Bull, 1989 ] and its channel bed altitudinal position at different times between 30 ka and the present, we can examine its response to sea level fall from 30 ka to 18 ka, and to rapid sea level rise from then until about 6.5 ka (Figure 7a ). Since 6.5 ka, sea level has risen very slowly relative to the preceding 12 kyr. As no local sea level curve is available, data from New Guinea [Bloom et al., 1974; Chappell and Shackleton, 1986] and Barbados [Fairbanks, 1989] The USGS drilling data provides corroborative evidence that the bedrock floor of the valley is below many 1 Os of meters of gravel 5 km upstream of the channel mouth (Figure 5 and 7b) . We have no other data regarding the nature of the bedrock valley floor at the mouth, except from offshore bathymetry, which indicates a narrow (<3 km wide) and very steep continental shelf and a deep submarine canyon (Mattole Canyon) just north of the present river mouth. The offshore profile of the Mattole River shown in Figures 5b and 7b follows the Mattole Canyon. The buried bedrock valley floor might be a prominent knickpoint which acts much like a bedrock waterfall when exposed, or a series of knickpoints between the mouth and the first clear evidence of exposed bedrock valley floor (at 34-38 km on Figure 5a) . Regardless, the steepness of the shelf and offshore canyon are such that the slope of the bedrock valley floor must steepen rapidly somewhere near the present mouth.
Terraces and Sea Level Rise From 18 to 6.5 ka Between 18 ka and 6.5 ka, sea level rose rapidly in response to global melting of ice sheets and valley glaciers. Although the rate of eustatic rise (up to 24 m/kyr at 12 ka in Barbados [Fairbanks, 1989] ) exceeded that of tectonic uplift in northern California, sea level was still low relative to its earlier interstadial high stand at 30 ka, and it was not until between 9 and 6 ka that straths at the mouth of the river were submerged and buried during backfilling, at an altitude of---10 to -20 m relative to modem sea level. We tentatively project, in a downstream direction, straths exposed upstream of 18 km beneath the channel bed, below the minimum depth to bedrock of -37 m near the mouth, and to the coast (Figure 7b) , where we indicate the estimated relative position of sea level about 10 ka (using the sea level history data of [Fairbanks, 1989] from Barbados, and an uplift rate of 2.6 rn/kyr). Sea level has been so low since the last major interglacial high stand at 125 ka, that even during times of sea level rise prior to each interstadial high stand, it was low relative to the bedrock lip presumed to be buried beneath the gravel at the mouth of the Mattole gorge (Figure 7a) . Because of this local base level control, it is possible that the channel was flowing on bedrock downstream of 40 km during times of rising as well as falling sea level. Supporting evidence for this interpretation is the radiocarbon date of -9.9-10.8 ka for the log sampled from channel bed gravels on the strath at 35 km (Table 1 ; Figures 5 and 6 ). This date indicates that gravel was being transported across the strath, and hence it was probably active, at that time, while sea level was rising at the mouth. As this strath is now 5-7 m above the active channel bed (Figure 6 ), net vertical incision has occurred since then, during a time of decelerating sea level rise, but net tectonic uplift of 7-10 m.
Terraces and Relative Base Level Fall From
ka to the Present
During and since the time of stabilizing sea level at -6.5 ka, wave-cut bedrock marine platforms have formed along the coast immediately north and south of the mouth of the Mattole River, but inundation of the incised valley mouth gorge, from which much bedrock and alluvium probably had been removed already during earlier times of relatively low sea level, was associated with aggradation and formation of a fill terrace. Near the mouth, this deposit is a mixture of interbedded gravel, sand, silt, and blue clay. Charcoal from a 1.5-m bed of blue clay 2 m below the top of the fill terrace at 5 km yields a radiometric age of 2143-2469 cal years B.P. (M2-1-91) . The resulting deposit decreases rapidly in thickness upstream but perhaps was associated with burial of older strath surfaces as far upstream as km 24-35, where midHolocene age overbank deposits overlie strath surfaces and early Holocene gravels. The river has incised about 5-7 m at km 35 since -6.5-10 ka, and consequently it has exposed older strath terraces that were partially buried during the early-to midHolocene sea level rise.
Conclusions Regarding Terraces, Eustasy, and Tectonism
Tectonic and Eustatic Significance of Strath and Fill Terraces
The response of the Mattole River to high-frequency fluctuations of sea level and long-term tectonic uplift supports the conclusions of Leopold and Bull [1979] and Leopold [1992] regarding the impact of base level rise on a river's long profile.
Furthermore, the results discussed here add important scale relations for a river much larger than those which they studied. Sea level high stands have resulted in episodic backfilling at the river mouth when the water surface rises relative to the land mass. Fill terraces with gentle gradients also occur at the mouths of the Bear and Ten Mile Rivers. Aggradation has been restricted to the lower reaches of the rivers, however, and even as sea level continued to rise at the coast, vertical bedrock incision occurred upstream at km 35 on the Mattole since -6 kyr ago. Although aggradation probably also occurs in response to climate change [e.g., Weldon, 1986; Bull, 1990] , the evidence that full-glacial climates were not substantially different than at present in this region, the location of fill terraces along only the lower reaches of the rivers, and the overwhelming evidence of tectonic and eustatic controls on terrace formation, suggest that climate plays a relatively minor role.
The nature of the straths shown in Figure 5b It is curious that a river that is nearly continuously incising would form a series of terraces instead of a V-shaped gorge. Many such valleys with few or no terraces do exist in the region, including the uppermost 50-60 km of the Mattole and numerous adjacent rivers in the Coast Ranges (compare discussion of nearby inner gorges by Kelsey [ 1988] ). The critical factor for terrace formation is upstream drainage area, as it relates to discharge and hence stream power. The size and valley-ward slope of the terrace remnants are controlled by the ratio of the rate of lateral migration to the rate of vertical incision. The former is a function of discharge and stream power (and therefore mainly drainage area), while the latter is a function of the long-term rate of uplift. If the ratio is very large, the valley-ward slope will be gentle, and broad strath surfaces will be carved (Figures 8e and  8g) ; if it is small, steep, narrow surfaces will be carved (Figure 8f  and 8h) . If it is very small, a V-shaped gorge with no terraces will form. A functional power/incision rate ratio can be defined for each reach of a river, for which the greater the value of this ratio, the greater the likelihood of formation of broad strath surfaces.
The fact that few to no terraces occur in the bedrock gorge farther upstream in the Mattole valley, and none in the smaller rivers immediately to its south, indicates that erosion there is dominantly vertical, and the lateral component, or meander migration, is insufficient to form and preserve strath terraces (i.e., the power/incision rate ratio is small). Rivers with large drainage areas are more likely than small ones to have the power to erode laterally at rates greater than vertical incision ( 8a and 8c with 8b and 8d). For a given size river, the greater the uplift rate, the greater the rate of vertical incision, and consequently the less the likelihood of formation and preservation of broad strath terraces (compare Figures 8a and 8b with 8c and 8d) . These interpretations lead us to conclude that strath terraces will form only along certain parts of a coastal stream during times of fluctuating sea level. This location is upstream of the aggradational effects of a bobbing sea level surface, and far enough downstream from the headwaters that stream power is in excess of that needed to overcome resistance, to transport the prevailing sediment load, and to execute vertical incision. Uplift rate is the maximum rate of incision possible, and maximum incision occurs where a stream transmits all base level fall upstream. Along the length of the stream, if incision is less than the rate of uplift, the channel gradient steepens ]. Downstream of this point, however, straths will form if the stream has excess power for meander migration and lateral erosion.
For the Mattole, we can compare rates of uplift at the coast (2.5-3 m/kyr) with average rates of net vertical incision into bedrock. Two vertical bedrock incision rates can be estimated at km 34-36 on the Mattole (Figure 6 ). The >9.9 ka strath is 7 m above the channel bed, which is thinly mantled with gravel. Assuming that about 7 m of net vertical incision have occurred since at least 9.9 ka results in a maximum, average incision rate of 0.7 m/kyr. The next higher strath, which is older than 8.5 ka and perhaps at least as old as 12 ka (and must be older than the lower 9.9 ka gravel), is 18 m above the present channel bed. Assuming an age of at least 12 ka yields a net vertical incision rate of 1.5 m/kyr for the past -12 kyr. This rate is uncertain because of the poor constraints on the strath age; however, a maximum incision rate of 1.8 m/kyr is certain, because a minimum age for this strath is 9.9 ka. Therefore, possible incision rates range from 0.7 to 1.8 m/kyr and are 23-72% of the long-term average uplift rate of 2.5-3 m/kyr at the river mouth (Figure 6 ) [Merritts and Bull, 1989 ]. This similarity suggests that the longterm uplift rate controls the long-term rate of vertical incision into bedrock, as recently noted also by Bull [ 1990] .
The Ten Mile River (uplift rate -0.4 m/kyr) has formed in a manner similar to the Mattole and Bear Rivers. However, the reduced amount of base level fall over a given time period due to uplift rates an order of magnitude lower results in a "vertically compressed" series of strath surfaces pinched close together. Furthermore, the estuary is much larger than that of the Mattole, and the tidal influence occurs several kilometers upstream. For these reasons, backfilling during sea level high stands has buried most bedrock surfaces for many kilometers upstream, and the intermediate zone of strath exposure before the upstream canyon is only several kilometers in length.
Problems in Correlating Terraces in Order to Reconstruct Past Longitudinal Profiles
A number of problems make it very difficult to correlate unpaired terraces along a meandering coastal river that is nearly continuously incising. The four most obvious are related to stratigraphy, burial history, the nature of unpaired terraces, and methods of surveying and correlation: This last problem, terrace correlation, is perhaps the greatest. Until recently, regional terrace studies have been limited by the practical necessity of obtaining most altitudinal control from small-scale topographic maps and of correlating terraces based primarily on local studies of altitudinal position within each reach. With recently developed equipment such as total geodetic stations, however, one can survey a large river and its terraces in several months and produce highly detailed, large-scale maps from which to generate long profiles.
In the case of the Mattole, both approaches were used: the former in the late 1980s (preliminary mapping and local hand level surveying; terrace profiles published by ), and the latter in this work. The results are different, and the two main reasons for this have important ramifications for terrace studies worldwide. First, in the earlier work we did not clearly recognize the fact that the gradients of strath terraces might be significantly steeper than that of the modern channel bed (more than 2 times). Second, we correlated terraces among reaches based on altitudinal position (i.e., height above the river). Figure 9 , in a schematic but accurate portrayal of the Mattole studies. Consider concluded that he could use the profiles of terraces along the length of a river to deduce the altitudes of late Pleistocene sea level high stands. In the case of the Mattole River, also in a nonglaciated setting but on an active rather than a passive plate margin, we conclude that strath surfaces have much steeper slopes than both the modem channel bed and the fill terraces at its mouth. Consequently, they cannot be projected downstream to where they merge with high stand fills, nor can they be used to deduce the altitudes of sea level high stands. Their formation is not limited to, or necessarily associated with, times of sea level high stands.
A comparison of the two approaches is shown in
A U.S. river that is perhaps more similar to the Somme, the Susquehanna along the western Atlantic passive margin, also has a series of late Cenozoic, strath terraces along its length and fill terraces at its mouth. Like the Somme, both are interpreted to have formed during times of rising sea level prior to and during major interglacials [Pazzaglia and Gardner, this issue].
However, Lamothe did not consider the effects of tectonics on the Somme River. Pazzaglia and Gardner, in contrast, modeled fluvial response to both sea level change and flexure of the North American crust (due to denudation and offshore loading), and concluded that straths form in areas of long-term, slow crustal uplift and tilt resulting from isostasy and flexure and are at peak formation during times of rising sea level. According to their interpretation, peak strath formation is the result of maximum lateral incision at times of high base level. In contrast, in this study of rivers in a region of rapid uplift, we conclude that strath formation along a meandering river is not isolated to times of high sea level or stable base level but rather occurs continuously in reaches that have both excess stream power and are upstream of the reach affected by sea level rise.
The results of the study described here are similar to those from investigations of smaller rivers and base level change. As observed by Leopold and Bull [ 1979, p. 195 ], a stream reacts to processes of aggradation or degradation in "closely adjoining reaches, and not to a base level far removed in space". Base level rise will result in a depositional wedge that migrates upstream, but it will only migrate upstream until a gradient of deposition is established [Leopold, 1992] . Upstream of that point, the base level rise has no influence. Rather, the stream responds to upstream controls (climate-influenced supply of sediment and water). If, however, this upstream reach is in an area of long-term base level fall induced by uplift, as is the case for the Mattole and Bear Rivers in northern California, it may continue to downcut even during a sea level highstand, because of the presence of nearby knickpoints migrating upstream that have their origin in base level fall from long ago.
In sum, interpretation of the terraces along any coastal river, be it on an active or a passive continental margin, requires examination of both eustatic and tectonic processes of base level change. The ratio of lateral erosion to vertical incision varies due to uplift rate, sea level position, and upstream drainage area, resulting in complex flights of terraces that differ in number, spacing, and age distribution even along a single coastline. Adjacent rivers with the same uplift rate do not have similar numbers and ages of strath terraces because these landforms are not the result of instantaneous, external events but rather are part of a time-continuum that represents constant adjustment to changing base level. The degree of adjustment, or fine tuning, depends upon the size and power of the river relative to the rate of tectonic uplift.
